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Abstract
There is an intrinsic relationship between the molecular evolution in primordial period and
the properties of genomes and proteomes of contemporary species. The genomic data may help
us understand the driving force of evolution of life at molecular level. In absence of evidence,
numerous problems in molecular evolution had to fall into a twilight zone of speculation and
controversy in the past. Here we show that delicate structures of variations of genomic base
compositions and amino acid frequencies resulted from the genetic code evolution. And the driving
force of evolution of life also originated in the genetic code evolution. The theoretical results on the
variations of amino acid frequencies and genomic base compositions agree with the experimental
observations very well, not only in the variation trends but also in some fine structures. Inversely,
the genomic data of contemporary species can help reconstruct the genetic code chronology and
amino acid chronology in primordial period. Our results may shed light on the intrinsic mechanism
of molecular evolution and the genetic code evolution.
Keywords: molecular evolution, variation of amino acid frequency, variation of genomic base
composition, genetic code evolution
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1 Introduction
The driving force of evolution of life is a core problem in the theory of evolution. A qualified
mechanism on driving force should explain the evolutionary trends for both molecular evolution
and macroevolution of life. The driving force must be effective persistently from the primordial
period through present days. And it had to form at the early stage of evolution of life, by which life
evolved from simple to complex consequently. So there must be some relics in genomic properties
of contemporary species resulted from such a driving force. We found that rich information is
stored in the variation of compositions of proteins and DNAs, which relates to the evolution in early
time. The discovery of genetic code helps us understand life at the molecular level [1][2][3][4][5].
A further study of the evolution of genetic code may help us reveal the underlying mechanism in
the evolution of life. We found that the genetic code evolution profoundly determined the evolution
of amino acid frequencies and genomic base compositions, and it can be taken as the initial driving
force in molecular evolution. Inversely, the details of the genetic code evolution can be inferred by
the compositions of proteins and DNAs of contemporary species.
The organization of the paper is as follows: the experimental observations and theoretical
results on the variation of amino acid frequencies are explicated in section 2; the experimental
observations and theoretical results on the variation of base compositions are explicated in section
3; their relationships are explicated in section 4. In section 5, we will explain the relationship
between genetic code evolution and the variations of the amino acid frequencies and base
compositions. All the theoretical results in the sections 2-4 are based on a model, which will
be described in details in section 6.
The amino acid frequencies are obtained based on two databases: (i) 106 proteomes (85
eubacteria, 12 archaebacteria, 7 eukaryotes and 2 viruses) in Prediction of Entire Proteomes (PEP)
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(http://cubic.bioc.columbia.edu/pep) [6], and (ii) genomes of 803 microbes in the database in
NCBI. Two sets of experimental observations based on PEP and NCBI respectively have been
obtained in the paper. Their results agree with each other. So the properties on the variation of
amino acid frequencies observed in this paper are universal rules, which is independent of the
choice of sample species. The GC contents are obtained from Genome Properties system [7].
These species are representatives of the three domains to study the evolutionary trends of amino
acid frequencies and genomic base compositions. Fig. 6a-6d are plotted according to Fig. 9-1,
Fig. 9-6, Fig. 9-8 and Fig. 9-7 in [8] respectively; and Fig. S10a-S10c are plotted according to
Fig. 9-4 in [8] respectively. The genetic code multiplicity in Fig. S13 is plotted based on Fig. 1 in
Ref. [9]. The data of gain-loss of amino acid in Tab. 1 are obtained according to Ref. [10].
2 Variation of amino acid frequencies
2.1 Experimental observations
2.1.1 Choosing orders of species properly to observe variation trends of amino acid
frequencies
The amino acid frequencies in species vary slightly, which was routinely assumed to be constant
[11][12]. Unfortunately, this is a misleading assumption and resulted in ignorance of studying
the mechanism of variation of amino acid frequencies in the past. Actually, it is easy to observe
the variation trends of amino acid frequencies if we choose orders of species properly. In this
section, several orders of species will be introduced based on the amino acid chronology or the
like. Thus, we can obtain the variation trends of amino acid frequencies, which can help us reveal
the mechanism of the variation of amino acid frequencies in the evolution.
The chronology of amino acids to recruit into the genetic code from the earliest to the latest can
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be estimated as: G, A, D, V, P, S, E, L, T, R, Q, I, N, H, K, C, F, Y, M, W [13]. Let a(i), i = 1...20
denote the 20 amino acids in this chronological order. According to this amino acid chronology,
some amino acids such as G and V recruited into the genetic code earlier than other amino acids
such as H, Q and W. Let
f (a(i), ξ) = N(a(i), ξ)∑20
j=1 N(a( j), ξ)
, ξ = 1, ..., ns
denote the frequency of amino acid a(i) for the species in PEP (ns = 106) or in NCBI (nc = 803),
where N(a( j), ξ) denotes the total number of amino acid a( j) in all the protein sequences of species
ξ. If we sort the species properly, we can observe variation trends of amino acid frequencies when
f (a(i), ξ), roughly speaking, increases or decreases with ξ.
We can introduce Late-early Ratio Orders to sort the species properly to observe
variation trends of amino acid frequencies. In this class of orders, we can arrange the
species by R(a(i)...a( j))/(a(k)...a(l))(ξ), namely the ratio of the average amino acid frequency of
f (a(i), ξ), ..., f (a( j), ξ) to the average amino acid frequency of f (a(k), ξ), ..., f (a(l), ξ), where
a(i), ..., a( j) are some later recruited amino acids and a(k), ..., a(l) some earlier recruited amino
acids. The Late-early Ratio Order is generally chronological in the evolution according to its
definition. When the earlier recruited amino acids or later ones are given concretely, we can define
R10/10(ξ) =
∑20
i=11 f (a(i), ξ)∑10
i=1 f (a(i), ξ)
and obtain R10/10 order. Similarly, we obtain RHQW/GV order and R1/G order, where
RHQW/GV(ξ) =
1
3
∑
a=H,Q,W f (a, ξ)
1
2
∑
a=G,V f (a, ξ)
,
and
R1/G(ξ) = 1f (G, ξ) .
R10/10 order, RHQW/GV order and R1/G order are some cases of Late-early Ratio Orders.
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If we choose orders of species improperly, the variation trends of amino acid frequencies can
not be observed. An improper choice is the Random Ratio Order. In this order, we arrange the
species by Random Ratio Order R(a(i)...a( j))/(a(k)...a(l))(ξ), where the amino acids in numerator and
denominator are chosen randomly among the 20 amino acids. By this way, we can not observe
variation trends of amino acid frequencies when f (a(i), ξ) vary with ξ randomly. For instance, the
species can be arranged by RAGHCN/LVQW order, where
RAGHCN/LVQW(ξ) =
1
5
∑
a=A,G,H,C,N f (a, ξ)
1
4
∑
a=L,V,Q,W f (a, ξ)
.
At last, we can introduce Lav order to observe the variation trends of amino acid frequencies
roughly. In this order, the species can be arranged from short to long by the average protein length
Lav(ξ) of all the proteins in species. The Lav order is independent of the choice of amino acids
according to its definition.
2.1.2 General variation trends of amino acid frequencies
When sorting the species properly, we can obtain a set of variation trends for the 20 amino acids.
The variation trends are generally common for different proper orders of species, and the results of
variation trends are also common either based on the data of species in PEP or based on the data of
species in NCBI. So the general variation trends of amino acid frequencies are intrinsic properties
of species.
When sorting species by R10/10 order, the amino acid frequencies based on 106 species in PEP
is in Fig. 1a, and the result based on 803 species in NCBI is in Fig. S4. Both of the results are the
same in variation trend for each of the 20 amino acids. Roughly speaking, the frequencies of G,
A, D, V, P, L, T, R, H, W tend to decrease, the frequencies of S, E, I, N, K, F, Y tend to increase,
and the frequencies of Q, C, M tend to keep constant. The magnitudes of variations are different:
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frequencies of G, A, V, P, R decrease more rapidly than that of D, L, T, H, W, while frequencies of
I, N, K, F, Y increase more rapidly than that of S, E. We found that the evolutionary trends of amino
acids are related to the amino acid chronology [13]: most of the amino acids whose frequencies
tend to decrease (or increase) are among the earlier (or later) recruited amino acids according to the
amino acid chronology. The variation trends of amino acid frequencies are intrinsic properties of
molecular evolution, which are irrelative to the choice of orders in sorting species. We can observe
generally the same variation trends by R10/10 order, RHQW/GV order, R1/G order and Lav order (Fig.
1a and Fig. S1). The variation trends are irrelative to the choice of amino acids, because we can
also observe the same variation trends by Lav order (Fig. S1c and Fig. S2). If sorting the species
improperly, we can only observe completely random variation of amino acid frequencies (Fig. S3).
2.1.3 Fine structures of the variation of amino acid frequencies
Furthermore, we can observe fine structures and superfine structures of the variation of amino acid
frequencies because f (a(i), ξ) do not vary with ξ linearly in general. We choose R10/10 order in
studying the variation of amino acid frequencies, which is an intrinsic order related to the molecular
evolution. Roughly speaking, the species with lower (or higher) series number by R10/10 order may
appear earlier (or later) in the evolution according to the definition of R10/10. The details of variation
of amino acid frequencies can be observed more obviously when studying the data of 803 species
in NCBI than studying the data of 106 species in PEP. In the research, we obtained smoothed
lines of the discrete dots (ξ, f (a(i), ξ)) for each amino acid according to Savitzky-Golay method
[14]. The fine structures and superfine structures of the variation of amino acid frequencies can be
observed explicitly according to the fluctuations in the smoothed lines.
We prescribe the fine structures as the profiles of the variations of amino acid frequencies.
The smoothed lines corresponding to fine structures can be obtained by certain greater spans
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according to Savitzky-Golay method (black lines in Fig. 2). The profiles of dots of the amino
acid frequencies with respect to series numbers of species are S-shaped or inverse S-shaped in
general. For examples, the profile of the 803 dots (ξ, f (V, ξ)) is S-shaped and the profile of the 803
dots (ξ, f (F, ξ)) is inverse S-shaped (see subplot V and subplot F in Fig. 2). Generally speaking,
we can observe more steep variation trends at both ends. In the case for amino acids G, A, D, V,
P, T, R whose variation trends are decreasing, the smoothed lines go down more quickly at both
left and right, so we can observe S-shaped profiles approximately. In the case for amino acids S,
I, N, K, F, Y whose variation trends are increasing, the smoothed lines go up more quickly at both
ends, so we can observe inverse S-shaped profiles approximately. In the case for other amino acids
Q, C, M, L, H, W, E, we can observe deformed S-shaped or waved profiles. Especially, we found
that the trends are always well S-shaped or inverse S-shaped for most of the amino acids whose
average amino acid frequencies are high, while the trends are deformed S-shaped for the amino
acids whose average amino acid frequencies are low.
2.1.4 Superfine structures of the variation of amino acid frequencies
We prescribe the superfine structures as the fluctuations in the profiles of the variations of amino
acid frequencies. The smoothed lines corresponding to superfine structures can be obtained by
certain smaller spans according to Savitzky-Golay method (red lines in Fig. 2). We also sorted
the species by R10/10 order. We can show that the superfine structures do exist in the background
of stochastic fluctuations. We can observe some obvious fluctuations in the smoothed lines. For
examples, we can observe an obvious waved characteristic of fluctuations for amino acid W (for
series number of species around 300 in the subplot W in Fig. 2); we can observe a peak for amino
acid S (for series number of species around 500 in the subplot S in Fig. 2); we can observe two
peaks for amino acid M (for series number of species around 400 and 600 in the subplot M in Fig.
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2). Some obvious superfine structures can be observed in either the result based on NCBI (Fig.
2) or the result based on PEP (Fig. S2). We will explain the intrinsic property of the superfine
structures by a model in section 2.2.3.
2.1.5 Variation trends of amino acid frequencies for three domains
It is significant to compare the variation trends of amino acid frequencies for three domains
(eubacteria, archaebacteria, and eukaryotes). The evolution trends of each of the 20 amino acid
frequencies are the same without exception for three domains (Fig. 4). But there are differences
of the ranges of amino acid frequencies for three domains. The ranges of the variations of amino
acid frequencies for eubacteria, roughly speaking, coincide with the ranges of the variations of
amino acid frequencies for archaebacteria. There are, however, obvious differences between the
ranges for archaebacteria and eukaryotes (Fig. 4). Namely, the initial amino acid frequencies for
start series number of eukaryotes by R10/10 order are less than (or greater than) initial amino acid
frequencies for start series number of archaebacteria by R10/10 order for amino acids whose trends
decrease (or increase).
2.2 Theoretical results
2.2.1 General variation trends of amino acid frequencies
The variation trends of amino acid frequencies simulated by the model (Fig. 1b and red dots in Fig.
S4) agree with the variation trends in experimental observations (Fig. 1a and celeste dots in Fig.
S4) very well. The mechanism on the variation of amino acid frequencies is faithfully based on
the genetic code multiplicity. The variation trends and magnitudes of amino acid frequencies are
crucially related to the placements of amino acids in the genetic code multiplicity (Fig. S13). For
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examples, the amino acids F and Y occupy similar positions in the genetic code multiplicity, so the
corresponding evolutionary trends and magnitudes accord with each other. The similar results are
also valid for the amino acids G and A, for the amino acids P and H, for the amino acids R, D and
E and for the amino acids L and S respectively (Fig. 1, S4 and S13). Hence, our result reveals that
the underlying mechanism of the variation of amino acid frequencies in the contemporary species
is determined by the evolution of genetic code.
The magnitudes of the variations of amino acid frequencies in the theoretical results are about
half of the corresponding experimental observations. We did not add any more parameters in the
model to boost the magnitudes of variation of amino acid frequencies in the model so as to obtain
a better result concerning to the magnitudes, because we insisted on that the model is faithfully
based on the genetic code multiplicity.
2.2.2 Fine structures of the variation of amino acid frequencies
Up to a certain precision, the variation trends in theoretical results are linear for all the amino
acids (red lines in Fig. S4). But the fine structures of the variation of amino acid frequencies
obviously deviate from linear relationships in experimental observations (blank lines in Fig. S4 or
blank lines in Fig. 2 for zoom in). According to the model, we can easily explain the S-shaped or
inverse S-shaped profiles in fine structures of the variation of amino acid frequencies. The number
of species in NCBI varies with average protein length as in Fig. S8c. This distribution indicates
that the sample density of species in NCBI is not a constant when considering the relationship
between amino acid frequencies and average protein length in Fig. 8. So series number does not
vary linearly with the time in the evolution. Namely we only obtained less samples of species in
the sections with small and big series numbers by R10/10 order than in the sections with medium
series numbers by R10/10 order. As a result, we can observe more steep variation trends in the
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sections with small and big series numbers in the fine structures.
In the simulation in Fig. S4, we choose a linear relationship between parameter t and series
number of species Ns, i.e., t = t1(Ns), without consideration of the variation of sample density.
We introduce an simple function t = t3(Ns) so as to obtain a similar relationship between number
of species and parameter t (Fig. S8a and S8b). Thus we obtained the fine structures of variations
of amino acid frequencies (blank lines in Fig. 3, and Fig. S7 for zoom out). If we choose an
improper function t = t2(Ns), which corresponds to unreasonable sample density, the simulated
fine structures can not agree with the experimental observations in the sections with small series
numbers (left ends of lines in Fig. S6). Therefore, we show that the reason to be either S-shaped
profiles or inverse S-shaped profiles is trivially due to sample density of species in the databases.
The results in simulation (blank lines in subplots Q, C, M, L, H, W, E in Fig. 3) can not agree
well with the deformed S-shaped experimental observations (blank lines in corresponding subplots
in Fig. 2). If we can understand the evolution of genetic code in more details, the model may be
improved and we may obtain a better result in the future.
2.2.3 Superfine structures of the variation of amino acid frequencies
We can observe the superfine structures of the variation of amino acid frequencies in theoretical
results (red lines in Fig. 3). In the simulation, the amino acid frequencies are calculated based
on sufficient numerous simulated protein sequences so as to avoid the random errors. All the
fluctuations in Fig. 3 can recur in details if we run the program again. Therefore, the fluctuations
of these smoothed lines are intrinsic properties of the variation of amino acid frequencies, which
are determined by the genetic code multiplicity according to the mechanism of the model.
The simulation results indicate that the superfine structures in the experimental observations
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are also intrinsic properties (not just noises in observations) and should also be determined by the
genetic code multiplicity. In this case, we can not compare the fluctuations between theoretical
results and experimental observations in details. However, this heuristic conclusion may help
us understand the evolution of genetic code in details by studying the fluctuations of superfine
structures of the variation of amino acid frequencies.
It is possible for us to compare characteristics of superfine structures between theoretical results
and experimental observations by the model. In the previous result in Fig. 2, we have introduced
an artificial function t = t3(Ns). If we still let t vary linearly with Ns, i.e., t = t1(Ns), the results will
only based on the genetic code multiplicity (red lines in Fig. S4). After subtracting the linear parts
(in the sense of least squares), we can obtain the intrinsic fluctuations (not noises) of variation
of amino acid frequencies (Fig. S5). We can also observe an obvious waved characteristic of
fluctuations for amino acid W (subplot W in Fig. S5) and an double-peak characteristic for amino
acid M (subplot M in Fig. S5), which might agree with the experimental observations.
2.2.4 Variation trends of amino acid frequencies for three domains
According to the phylogeny of three domains, Eukarya and Archaea separated later in the
evolution, while Bacteria and the ancestor of both Eukarya and Archaea separated earlier in
the evolution (Fig. S9) [15]. Hence, we can explain the differences of variation of amino acid
frequencies for three domains in experimental observations in terms of the phylogeny of three
domains. The unicellular organisms appeared earlier and eukaryotes appeared later in the history.
We input some initial values of iAAFNCBI (Tab. 2) firstly in simulations of the evolution of amino
acid frequencies for Bacteria and Archaea. Then, we input the medium amino acid frequencies
iAAFmedium of the previous step as initial amino acid frequencies to simulation the evolution of
amino acid frequencies for Eukarya (Fig. S9). The simulation results (Fig. 5) agree with the
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experimental observations (Fig. 4) in general.
3 Variation of genetic code compositions
3.1 Experimental observations
It is well known that base compositions in genomes vary greatly, which are often referred as GC
pressure or GA pressure in molecular evolution. There are delicate structures in the variation of
genomic base compositions of contemporary species, which are discussed in details in Ref. [8].
The precise correlations between genomic GC content (or genomic GA content) and the GC
content (or GA content) at the first, second, or third codon positions can be observed obviously
(Fig. 6a, 6b) [16] [8]. There are also correlations between codon position GC contents and
codon position GA contents (Fig. 6c), or between genomic GC content and genomic GA content
(Fig. 6d) [8]. Moreover, there are correlations between GC content of genes and codon position
GC contents of genes in each genome, hence we can obtain three slopes of the corresponding
correlations in first, second and third codon positions for a species [8]. The slopes corresponding
to the three codon positions vary with genomic GC content respectively for contemporary species
(Fig. S10a-S10c) [8].
3.2 Theoretical Results
The mechanism of the evolution of genomic base compositions can also be explained by the same
model based on genetic code multiplicity and codon chronology. The simulations of correlations
of genomic base compositions and codon position base compositions (Fig. 6e-6h) agree with
the experimental observations respectively (Fig. 6a-6d). It is noteworthy that there are many
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detailed agreements between simulations and experimental observations, which strongly confirm
the validity of our simulations.
In Fig. 6e, we can observe a step in the middle of the line corresponding to the first codon
position and a junction between lines corresponding to the first and second codon positions;
these characters of step and junction can also be observed in the plots based on biological data
[16][8][17]. The slope of the line corresponding to the third codon position is the deepest, because
G and C occupy all the third positions of the earliest codons for 20 amino acids, and A and U
occupy all the third position of the latest codons for 20 amino acids, but their compositions are
about invariant for the first and second positions (Tab. 5-6). The lower limit and upper limit of the
GC content for contemporary species also result from the base compositions in codon positions in
a chronological list of codons. In Fig. 6f, the simulated slope corresponding to the third codon
position is the greatest, which agrees with the experimental observation [8]. In Fig. 6g, the slopes
and variation range in simulation agree with the experimental observation [8]. And in Fig. 6h, the
deviation amplitude from the central declining line of the correlation between genomic GC content
and genomic GA content is great, which agrees with the big standard error in Fig. 9-7 in Ref. [8].
At last, the simulations of the correlation between genomic GC content and the three slopes of
correlations of GC content in genes (Fig. S10d-S10f) agree with the experimental observations
[8] in principle. Thus, we show that the delicate structure in the correlations of genomic base
compositions mainly comes from genetic code multiplicity and chronology (Fig. 6i-6l) [9][18].
13
4 Relationships among amino acid frequencies, genomic base
compositions and average protein lengths
4.1 Experimental observations
4.1.1 Relationships between amino acid frequencies and genomic base compositions
There is explicit relationship between amino acid frequencies and genomic base compositions. We
observe that the genomic GC content decreases linearly with the ratio R10/10 (Fig. 7a) [19][20].
Similar results are also valid for other Late-early Ratio Orders. So the genomic GC content and the
amino acid frequencies are not independent variables when we discuss the evolutionary pressure
in molecular evolution. It is often taken genomic GC content as the initial evolutionary pressure.
If we can explain the relationships among amino acid frequencies, genomic base compositions and
average protein lengths all together, it becomes not reasonable to take genomic GC content as the
initial evolutionary pressure.
4.1.2 Relationships between amino acid frequencies and average protein lengths
There is also correlation between the average protein length ¯l and the ratio RHQW/GV (Fig. 8). The
distribution of all species forms a bowed line in the ¯l − RHQW/GV plane, and the closely related
species cluster together in the ¯l − RHQW/GV plane (Fig. 8). Roughly speaking, the average protein
length becomes longer and longer in the evolution and there will be more and more opportunities
for later recruited amino acid to appear in the protein sequences. Similar results are also valid for
other Late-early Ratio Orders. We choose RHQW/GV in order that the distribution of archaebacteria
can be separated from the distribution of bacteria. We also noticed that the species with larger
genome size locate in the midstream of the evolutionary flow. So this bowed distribution can be
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interpreted as an evolutionary flow. And more advanced prokaryotes with larger genome sizes
always locate in the midstream of this evolutionary flow.
4.2 Theoretical Results
4.2.1 Relationships between amino acid frequencies and genomic base compositions
According to the simulation, we found that the genetic code multiplicity can influence both amino
acid frequencies and genomic GC content. So the evolutionary pressure in the overall molecular
evolution originated in the genetic code evolution. The evolutionary pressure influences the
amino acid frequencies, genomic base composition and the average protein length in proteome
all together.
When the parameter t increases, there will be more and more late amino acids to join the
protein sequences, so the ratio R10/10 will also increase, but the genomic GC content will decrease
according to the codon chronology. Thus we can explain that the ratio R10/10 increases when the
genomic GC content decrease (Fig. 7b). The variation range of R10/10 in simulation (Fig. 7b) is
less than the variation range of R10/10 in experimental observation (Fig. 7a), which is due to that the
magnitudes of variations of amino acid frequencies are insufficient in simulations by the model.
The variation of amino acid frequencies also influenced the genomic base compositions. For
example, the total numbers of bases G and C are equal to 8 in all stages for the second codon
position and almost constant (9 to 10) for the first codon position (Tab. 6 and Fig 6i). In
the simulation result, however, the GC content at the first and second codon position obviously
decrease from right to left (corresponding to parameter t increases from tmin to tmax) (Fig. 6e). In
the simulation, the probabilities for the late recruited amino acids (with less bases G and C in their
codons, see Tab. 5) to join the proteins will increase when the parameter t increases, therefore the
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GC content at the first and second codon positions decrease from right to left in Fig. 6e. Thus,
we can explain the slopes of the correlations between genomic GC content and the GC content at
codon positions in Fig. 6a.
4.2.2 Relationships between amino acid frequencies and average protein lengths
The relationship between amino acid frequencies and average protein length can be explained by
the model. The distribution of species in the ¯l − RHQW/GV plane can be simulated by our model
(Fig. 8, Embedded). The bending direction of the simulated evolutionary flow agrees with the
evolutionary flow in experimental observation. According to the simulation by the model, the
bending direction sensitively relates to the genetic code multiplicity. If we vary the substitution
rules a little, the bending curve may disappear in the result by simulation and we can only obtain
a linear relationship between RHQW/GV and ¯l. So such a detail agreement between theoretical result
and experimental observation verifies the validity of the referred genetic code multiplicity in the
model (Fig. S13 and Ref. [9]).
5 Genetic code evolution as an initial driving force for
molecular evolution
5.1 Timing the mechanism of the variation of amino acid frequencies
The estimation of the time when the variation of amino acid frequencies appeared firstly will help
us seek the mechanism that determines the variation of amino acid frequencies of contemporary
species. We can explain that the variation of amino acid frequencies formed before the stage when
three domains began to branch.
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Firstly, we explain the incorrelation between the variation of amino acid frequencies in our
observations and the gain-loss of amino acids in modern time. The trend of amino acid gain and
loss in protein evolution has been reported in Ref. [10]. There is a debate on the mechanism of
the variation of amino acid frequencies [21]. There is a set of data of gain and loss for 20 amino
acids in Ref. [10] according to the protein evolution in modern time (Tab. 1). We can also obtain
a set of data of variation trends for 20 amino acids according to Fig. 1a by least squares (Tab.
1). The correlation efficient between gain-loss and variation trends is 0.393, which means that the
variation trends are incorrelated with the gain and loss of amino acids in modern time. If it is true,
we can infer that the mechanism of the variation of amino acid frequencies should appeared in
early period.
The variation of amino acid frequencies for three domains may help us time the mechanism
of the variation of amino acid frequencies. The evolutionary trends of amino acid frequencies
are the same for three domains (Fig. 4). And we have explained the differences of amino acid
frequencies for three domains according to the phylogeny of three domains in section 2.2.4. These
results indicate that the mechanism of the variation of amino acid frequencies should originate in
the period before the separation between Bacteria and the ancestor of Archaea and Eukarya.
5.2 Initial driving force for molecular evolution
The variations of amino acid frequencies and genomic base compositions can be explained in
a unified theoretical framework based on genetic code evolution. All the theoretical results in
section 2-4 are based on one model, whose core is the genetic code multiplicity and chronology.
The simulations by the model agree with the experimental observations not only in variation trends
but also in many detailed characteristics. So there is close relationship between the variation of
amino acid frequencies and genomic base compositions of contemporary species and the genetic
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code evolution in the primordial period. We believe that (i) the pattern of the variation of the
compositions of protein and DNA formed and fixed in the period when the genetic code evolved;
(ii) the magnitudes of the evolutionary trends have been amplifying ever since the genetic code
had established. Thus, we conjecture that the genetic code evolution is an initial driving force for
molecular evolution.
5.3 Cracking the genetic code evolution
If our conjecture is reasonable, we found a new method to crack the genetic code evolution
in primordial time by studying the variation of amino acid frequencies and genomic base
compositions of contemporary species. Especially, there are some detailed disagreements between
theoretical results and experimental observations. For instance, we can not compare the superfine
structures in details between theoretical results and experimental observations. The improvement
in understanding the variation of amino acid frequencies and genomic base compositions may lead
us to crack the genetic code evolution.
6 The model
6.1 Outline of the model
We proposed a model based on the evolution of genetic code to explain the variations of amino
acid frequencies and base compositions in species. The model mainly consists of three parts: (i)
generating void protein sequences by formal language; (ii) generating protein sequences based on
genetic code multiplicity; and (iii) generating DNA sequences based on codon chronology (Fig.
S11).
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The genetic code multiplicity (Fig. 13) is the core in simulation of variation of amino acid
frequencies. The genetic code chronology (Tab. 5) is the core in simulation of variation of genomic
base compositions. This is an elaborate model and there is only one adjustable parameter t, which
indicates the time of the evolution and plays central roles in simulations of the variations of amino
acid frequencies and base compositions.
6.2 Simulation of the variation of amino acid frequencies
6.2.1 Generation of void protein sequences by formal language
There are two steps in generation of protein sequences in the model: (1) generating void protein
sequences according to tree adjoining grammars in Fig. S12 [22]; (2) the leaf pi in the tree adjoining
grammar will be substituted by amino acids based on the genetic code multiplicity in Ref. [9] (Fig.
S13 and Tab. 3), where the amino acid chronology has been considered according to Ref. [13] and
the probabilities for substitutions are determined by pa in Tab. 2.
There are no rigorous restrictions in choosing grammar rules of the formal language, because
they do not essentially determine the variation trends of amino acid frequencies in our final results.
In the model, we choose tree adjoining grammar to generate void protein sequences. There are one
initial tree and two associate trees in the grammar rules, where S and T are inner nodes and pi is
leaf (Fig. S12). We start from the initial tree when generating a void protein sequence. Then the
inner nodes S or T can be substituted by the corresponding associate trees (see the example in Fig.
S14). The void protein sequence consists of the leaves around the final tree.
We set a parameter t in the model as the probability of the substitution of inner nodes. The
length of a sequence may increase if an inner node has been substituted by the corresponding
auxiliary tree (with probability t) or keep constant if the node has not been substituted (with
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probability 1− t). The void protein sequences consist of void character pi, which will be substituted
by amino acids in the next step. When the parameter t is fixed, we can generate a group of void
sequences with certain length distribution. In the model, the void protein sequences increase only
several units in length in each principal cycle of the program. The number of cycles in the program
is constant in the model. We can obtain longer void protein sequences after running more principal
cycles. The average increment of protein length in one principal cycle varies with respect to
parameter t. When t increases, there will be more probability to generate longer void protein
sequences in each principal cycle.
6.2.2 Fill in the protein sequences based on genetic code multiplicity
In the second step, the void character pi in the void protein sequences will be substituted by 20
amino acids by calling a subprogram. The rules of substitutions in the subprogram are based
rigorously on the genetic code multiplicity (Fig. S13, Tab. 3). Namely, pi may be substituted by
either of pi1, pi2, pi3, pi4, pi5 or amino acid C at first level of substitution; pi1 may be substituted by
either of R, E, D or pi6 at second level of substitution, and so on; pi6 may be substituted by either
of H or P at third level of substitution, and so on (Fig. S13, Tab. 3). The depth of substitutions
of the genetic code multiplicity tree is four levels in maximum, namely from pi to N, Q, W or M
(Fig. S13, Tab. 3). The process of substitution of pi will not finish until pi is substituted by one of
the 20 amino acids eventually. Thus, the protein sequences consisting of amino acids have been
generated.
The probabilities for all the possible substitutions of each node in the genetic code multiplicity
tree (Fig. S13, Tab. 3) are constant parameters in the model according to the average amino acid
frequencies of contemporary species. The initial amino acid frequencies (iAAF) at the beginning
of each cycle in the program are input by the average amino acid frequencies of species in PEP
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(ns = 106) or NCBI (ns = 803) (Tab. 2):
fa(i) =
∑ns
ξ=1 N(a(i), ξ)
∑20
j=1
∑ns
ξ=1 N(a( j), ξ)
.
We choose the average amino acid frequencies as the initial amino acid frequencies in order that
the average amino acid frequencies in the simulation results agree with the average amino acid
frequencies in observation. But these constant parameters do not influence the variation trends
in the simulations. The corresponding probabilities for 20 amino acids can be calculated as
followings:
pa(i) =
fa(i)
∑20
i=1 fa(i) + fterm
,
where fterm = fI (namely pi10 will be substituted by pi11 and I with the equal probability in Fig.
S13). According to Tab. 3, all the probabilities of substitution between two connected nodes in
Fig. S13 can be calculated by the initial amino acid frequencies. In the substitution of pi6 by H,
for instance, the probability is pH/(pH + pP); while the probability of substitution of pi by pi2 is
p2 = pF + pY (Tab. 2).
6.2.3 Calculation of amino acid frequencies and their variation trends
When the parameter t is fixed, we can generate sufficient numerous protein sequences so that the
amino acid frequency for each of the 20 amino acids goes to a certain constant value. Then, the
amino acid frequencies vary with parameter t.
We can study the evolution of amino acid frequencies by adjusting the parameter t from tmin
to tmax. We observed that the amino acid frequency for each amino acid may increase or decrease
when t increases. For the initial parameter tmin, we input pa(i) as initial values of amino acid
frequencies. We chose nm sample species Ns = 1, 2, ..., nm and obtained nm sets of amino acid
frequencies by the model. Hence, we can obtain the variation trends of amino acid frequencies in
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the simulation. We found that the variation trends of amino acid frequencies are irrelative to the
initial values of the amino acid frequencies, which are determined by the genetic code multiplicity.
6.2.4 The mechanism of the variation of amino acid frequencies in the simulation
According to the simulation by the model, the genetic code multiplicity plays central role in the
evolution of amino acid frequencies. It should take more steps of substitutions to replace pi in
the void protein sequences by a late recruited amino acid. The placements of amino acids in the
genetic code multiplicity tree essentially influence the variation of amino acid frequencies in the
simulation. When we generate shorter protein sequences, the late recruited amino acids have less
opportunities to join the protein sequences. When the parameter t increases, the increment of
protein length in one principal cycle also becomes greater than before. Hence, there will be more
opportunities for the late recruited amino acids to join the protein sequences. So the amino acid
frequencies will vary with the parameter t. The only continuous variable t in the model can be
interpreted as the time in the evolution. The other constant parameters pa(i) and the grammar rules
do not essentially influence the variation trends. And there are no other parameters in the model to
deliberately influence certain amino acid frequencies or genomic base compositions.
6.3 Simulation of the variation of genomic base compositions
6.3.1 Codon chronology
The codon chronology can be reconstructed based on the amino acid chronology and the primacy
of thermostability and complementarity (Tab. 4) [13][18][23][24]. The result of codon chronology
in Tab. 4 is almost the same as the chronology in Ref. [23], but amino acid chronology in the
first line of Tab. 4 in our calculation is replaced by a new amino acid chronology obtained by the
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same authors in Ref. [13] that was published later than Ref. [23]. In our results, the amino acids
are sorted chronologically in the first line in Tab. 4. The 32 pairs of complementary codons are
sorted chronologically from top to bottom in Tab. 4, which correspond to the above amino acid
chronology and form a lower triangle in Tab. 4.
The codon chronology in Tab. 4 can explain the relationship between GC content and codon
position GC content very well. But the declining relationship between genomic GC content and
genomic GA content in experimental observations (Fig. 6d) must not be achieved by the codon
chronology in Tab. 4 in principle because of the rigorous restriction of codon complementarity.
We have to modify the chronology slightly in sacrifice of the codon complementarity so that the
relationship between genomic GC content and genomic GA content in experimental observation
(Fig. 6d) can be simulated by the model. We only rearranged the codon chronology for amino acids
S and R and obtained a modified codon chronology (Tab. 5). Namely, we moved the positions of
codons AGC and AGU earlier in Tab. 5 than in Tab. 4 for amino acid S; and we moved the
positions of codons AGG and AGA earlier in Tab. 5 than in Tab. 4 for amino acid R.
According to the codon chronology in Tab. 5, there are 32 stages in the evolution of genetic
codes. For each stage, there is a definitive correspondence between a codon and a certain amino
acid. For each stage, therefore, we can count the total numbers of bases G, C, A or T for all the
amino acids in the first, second or third codon positions respectively according to Tab. 5 (Tab. 6).
And we also obtained the total number of G and C and the total number of G and A in the first,
second and third codon positions respectively as well as the total numbers of G and C or G and A
in all the three codon positions (Tab. 6). The results in Tab. 6 partially indicate the variation trends
of genomic base compositions. And we can plot the relationships in Fig. 6i-6l according to Tab. 6.
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6.3.2 Generation of DNA sequences according to codon chronology
There is a one to one relationship between amino acids and a codon at each of the 32 stages
according to the codon chronology in Tab. 5. We separated the section [tmin, tmax] equally into 32
subsections so that each value of parameter t is in one of these subsections. Thus, the amino acids in
the protein sequences generated in the second part of the model can be replaced by corresponding
codons at certain stages. So there is also a one to one correspondence between protein sequences
and DNA sequences at each stage. Thus a group of DNA sequences can be obtained in the model
as soon as the protein sequences have been generated, which is based on both the genetic code
multiplicity and the codon chronology.
6.3.3 Calculation of genomic base compositions and their variation trends
For a fixed value of parameter t, which corresponds to a certain stage, we can obtain numerous
DNA sequences. Then we can calculate the compositions of bases G, C, A, T. At last, we can
obtain GC content or GA content at certain codon positions and the total GC content or GA content
in all the DNA sequences. When the parameter t varies, we can study the evolution of genomic
base compositions or base compositions at certain codon positions.
6.3.4 The mechanism of the variation of genomic base compositions in the simulation
According to the simulation in the model, the variation of base compositions in contemporary
species can be explained by the codon chronology, genetic code multiplicity and amino acid
chronology together. For instance, we can explain the relationship between genomic GC content
and GC content at the first, second and third codon positions. The plot of the relationship between
total GC numbers and GC number at certain codon positions in Fig. 6i is approximate the same
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as the corresponding experimental observation in Fig. 6a. The upper limit (about 25%) and lower
limit (about 75%) of genomic GC content are due to the abundance of G and C in the earliest
codons and lack of G and C in the latest codons in Tab. 5. The characteristic of “step” at the
middle for the third codon position in experimental observation is due to the leap of numbers of
G and C at third codon position in Tab. 6. There are always 8 G and C at the second codon
position in Tab. 6, so there is no step for the second codon position in experimental observation.
The simulation of GC content for each codon position increases with genomic GC content (Fig.
5e), which agrees with the experimental observation (Fig. 5a). When t increases, there will be less
opportunities for bases G and C to join the DNA sequences. The other relationships in Fig. 6 can
also be explained similarly.
6.4 Simulation of relationships among amino acid frequencies, genomic
base compositions and average protein lengths
6.4.1 Relationships between amino acid frequencies and genomic base compositions
When the parameter t is fixed, both of a group of proteins and a group of corresponding DNA
sequences can be generated together by the model. Subsequently, both of the amino acid
frequencies and genomic GC content can be calculated. Thus we can explain that the ratio R10/10
increases when the genomic GC content decrease (Fig. 7a).
6.4.2 Relationships between amino acid frequencies and average protein lengths
When the parameter t is fixed, a group of proteins can be generated by the model. So both the
amino acid frequencies and average protein length can be calculated together. When t varies,
we can obtain the relationship between RHQW/GV and average protein length ¯l (Fig. 8, Embedded),
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which agrees with the experimental observation very well (Fig. 8). We obtained a bended curve for
the relationship between RHQW/GV and ¯l, whose bending direction is upward (Fig. 8, Embedded).
The bending direction is also the same for relationships between R10/10 and ¯l in simulation.
7 Conclusion
The variation of amino acid frequencies and the variation of genomic base compositions can be
explained in a unified framework based on genetic code evolution. According to the model, we
show that the genetic code multiplicity plays central roles in explanation of the variation of amino
acid frequencies of contemporary species. The theoretical results agree with the experimental
observations not only in the variation trends but also in the fine structures or superfine structures.
And we also show that the codon chronology plays central roles in explanation of the variation
of genomic base compositions of contemporary species. Our results agree with the experimental
observations in many details, such as S-shaped or inverse S-shaped profiles in Fig. 2, differences
of ranges of amino acid frequencies between Archaea and Eukarya in Fig. 4, characteristics of
step and junction in Fig. 6e, bending direction in Fig. 8 etc, which confirm the validity of our
theory. We also explained that the mechanism to determine the variation of amino acid frequencies
originated before the stage when three domains began to branch. So we conclude that the evolution
of genetic code is the initial driving force in molecular evolution, and the evolution of genetic code
in the primordial period determines the variations of amino acid frequencies and genomic base
compositions of contemporary species.
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Figure 1: Variation trends of amino acid frequencies. a, Experimental observations of the variation
trends of amino acid frequencies are based on the data of 106 species in PEP, which agree with the results
based on the data of 803 species in NCBI (Fig. S4). Each column represents a variation trend of one of
the 20 amino acids, where the 106 species are aligned from left to right by R10/10 order. The 20 amino
acids are aligned chronologically from left to right. b, Theoretical results of the variation trends of amino
acid frequencies. The 30 simulated species are aligned by t order. The variation trends in simulation fit the
experimental observations for each amino acid.
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Figure 2: Fine structures and superfine structures of the variation of amino acid frequencies in
experimental observations. This is based on the data of 803 species in NCBI (celeste dots), which are
alined by R10/10 order for each amino acid. The S-shaped or inverse S-shaped profiles are the fine-structures
(smoothed lines: blank, span=401, degree=3). The detailed fluctuations represent the superfine-structures
(smoothed lines: red, span=201, degree=7). For each subplot, x-axis represents the species, y-axis represents
amino acid frequencies, and the smoothed line for the variation of amino acid frequency is according to
Savitzky-Golay method. These conventions are valid for other similar figures in this paper.
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Figure 3: Fine structures and superfine structures of the variation of amino acid frequencies in
theoretical results. This is based on the data of nm = 40 species (celeste dots) in simulation. The
calculation of amino acid frequencies for each simulated species is based on np = 400, 000 protein sequences
generated by the model. The species are alined by t order in x-axis for each amino acid. The S-shaped or
inverse S-shaped profiles are the fine-structures (smoothed lines: blank, span=31, degree=3). The detailed
fluctuations represent the superfine-structures (smoothed lines: red, span=7, degree=3). The theoretical
results agree with experimental observations (Fig. 2) in general.
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Figure 4: Variation of amino acid frequencies for three domains in experimental observations. The
variation trends of amino acid frequencies are the same in general for three domains, which are aligned from
left to right for each amino acid (Eubacteria: green dots, Archaebacteria: Blue square, and Eukaryotes: red
diamonds). The amino acid frequencies are about the same for Archaea and Eubacteria. However, there are
obvious differences of amino acid frequencies between Archaea (Eubacteria) and eukaryotes (namely, there
is an upward shift when increasing or a downward shift when decreasing for the eukaryotes).
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Figure 5: Variation of amino acid frequencies for three domains in theoretical results. The theoretical
results agree with the experiment observations (Fig. 4) in general. The evolutionary trends of amino acid
frequencies are the same for three domains in the simulation. And the amino acid frequencies are the same
for Archaea and Eubacteria; while there are also upward or downward shifts of amino acid frequencies
between Archaea (Eubacteria) and eukaryotes in the simulation. According to the phylogeny of three
domains, Eukaya appeared latest in the evolution. Therefore, we input the initial amino acid frequencies
iAAFNCBI to simulate the evolution of amino acid frequencies for both Eubacteria (green dots) and Archaea
(Blue squares) firstly. Then, we input iAAFmedium (the value of amino acid frequencies in medium time in the
above simulate) as initial amino acid frequencies to simulate the evolution of amino acid frequencies for
Eukaryotes (Red diamonds).
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Figure 6: Correlations of genomic GC content or GA content and codon position GC content or
GA content. The results for 1st, 2nd, and 3rd codon positions are represent by blue circles, green squares
and red triangles respectively. a-d, Correlations of base compositions in codon positions and genomic base
compositions in experimental observations; e-h, Correlations of base compositions in codon positions and
genomic base compositions in theoretical results. Simulations by the model are based on genetic code
multiplicity, which agree with the above experimental observations in either evolutionary trends or some
detailed characters; i-l, Correlations of number of bases in codon positions and total number of bases are
based on Tab. 6, which mainly determines the results in corresponding simulations.
35
0.2 0.4 0.6 0.8
0.2
0.4
0.6
0.8
1
R
10
/1
0
Genomic GC content
Eubateria
 
Archaebacteria
 
Eukaryote
 
a 
0.2 0.4 0.6 0.8
0.2
0.4
0.6
0.8
1  
R
10
/1
0
Genomic GC content
b 
Figure 7: The relationship between genomic GC content and the variation of amino acid frequencies.
a, The GC content declines with the ration R10/10 according to the biological data. b, The simulation agrees
with the experimental observation in the variation trend between GC content and R10/10.
36
250 350 450 550
0.2 
0.3 
0.4 
0.5
Average Protein Length
R H
QW
/G
V
10 20
0.26
0.30
0.34
Average mini−protein length
R H
QW
/G
V
Archaebateria
Eubacteria 
Eukaryote 
Virus 
 increasing  t
Figure 8: The relationship between the average protein length and the ratio RHQW/GV . The species
in three domains cluster together in three areas respectively. The genome sizes of species is represented
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Group I: Fig. 1, Fig. S1-S4, Tab. 1. Variation trends of amino acid frequencies.
Group II: Fig. 2-3, Fig. S5-S8. Fine structures and superfine structures of the variation of
amino acid frequencies.
Group III: Fig. 4-5, Fig. S9. Variation of amino acid frequencies for three domains.
Group IV: Fig. 6, Fig. S10. Variation of genomic base compositions.
Group V: Fig. 7-8. Relationship between amino acid frequencies and genomic base
compositions, and relationship between amino acid frequencies and average protein length
Group VI: Fig. S11-S14, Tab. 2-6. The model based on genetic code multiplicity and codon
chronology.
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Figure 9: Fig. S1 Variation of amino acid frequencies. The evolutionary trends are generally the same
for the Late-early Ratio Orders. a, The RHQW/GV order; b, The R1/G order; c, The Lav order;
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Figure 10: Fig. S2 Comparison of variation of amino acid frequencies for R10/10 order and Lav order.
The evolutionary trends are generally the same for R10/10 order and Lav order.
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Figure 11: Fig. S3 Variation of amino acid frequencies for the RAGHCN/LVQW order. The variation is
random for the Random Ratio Orders.
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Figure 12: Fig. S4 Variation of amino acid frquencies. The amino acid frquencies in experimental
observation are based on the data of 803 species in NCBI (dots: celeste). The smoothed line for each amino
acid is according to Savitzky-Golay method (smoothed lines: blank, span=301, degree=3). Simulation of
the variation of amino acid frequencies (dots and smoothed lines: red, nm = 40, np = 400, 000, t = t1(Ns))
agrees with the experimental observations in variation trends.
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Figure 13: Fig. S5 Superfine structure of variation of amino acid frquencies in theoretical results.
Firstly, we obtained amino acid frequencies by simulation (nm = 40, np = 400, 000, t = t1(Ns)). Secondly,
we obtained the fit line of variation of amino acid frequencies by least squares for each amino acid. At last,
we obtained the results, i.e., the differences between the amino acid frequencies and corresponding values of
the fit line by least squares for each amino acid (celeste dots in this figure. Blank smoothed lines: span=31,
degree=3; red smoothed lines: span=7, degree=3 ).
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Figure 14: Fig. S6 Simulation of the fine structure of variation of amino acid frquencies (t = t2(Ns)).
Simulation of the fine structure of variation of amino acid frequencies (dots and lines: red, nm = 40,
np = 200, 000), where we choose t = t2(Ns), agrees with the experimental observations (dots: celeste,
lines: blank) in bending directions only at right ends.
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Figure 15: Fig. S7 Simulation of the fine structure of variation of amino acid frquencies (t = t3(Ns)).
Simulation of the fine structure of variation of amino acid frequencies (dots and lines: red, nm = 40,
np = 400, 000), where we choose t = t3(Ns), agrees with the experimental observations (dots: celeste,
lines: blank) in bending directions at both right and left ends.
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Figure 16: Fig. S8 Explanation of the fine structure of the variation of amino acid frequencies. a,
The functions between t and Ns. The range of parameter t is from tmin = 0.05 to tmax = 0.3. The series
numbers for the simulated species are Ns = 1, 2, ..., nm, nm = 40. The functions for the three curves are
as follows respectively: (1) t1(Ns) = tmax − (Ns − 1)(tmax − tmin)/(nm − 1), (2) t2(Ns) = tmax − (tmax −
tmin)
√
1 − (Ns − nm)2/(nm − 1)2 and (3) t3(Ns) = (tmax + tmin)/2 − 0.000017(Ns − (nm + 1)/2)3. b, The
distribution of numbers of Ns with respect to the parameter t. c, The distribution of 803 species in NCBI
with respect to average protein length.
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Eukarya
initial amino acid frequencies: iAAF
medium
initial amino acid frequencies: iAAFNCBI
Figure 17: Fig. S9 The phylogeny of three domains. In the simulations of variation of amino acid
frequencies, we input iAAFNCBI as initial amino acid frequencies for Bacteria and Archaea, and input
iAAFmedium as initial amino acid frequencies for Eukarya.
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Figure 18: Fig. S10 The relationship between the genomic GC content and slopes of genic codon plots.
The genic codon plots for a species present the correlation between GC content of genes in its genome
and GC content at first, second and third codon positions of the genes in its genome. a through c, The
experimental observations for the first, second and third codon positions respectively. d through f, The
simulations for the first, second and third codon positions respectively, which agree with the experimental
observations in general. The bending directions for first and third codon positions are the same with
experimental observations.
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GENERATING PROTEIN SEQUENCES
BASED ON GENETIC CODE MULTIPLICITY
GENERATING DNA SEQUENCES
BASED ON CODON CHRONOLOGY
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s
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          amino acid frequencies
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Figure 19: Fig. S11 The outline of the program in the model.
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Figure 20: Fig. S12 The tree adjoining grammar rules in the model. There are one initial tree and two
auxiliary trees in the grammar. An example of substitutions by the grammar rules is given in Fig. S14. pi in
the trees are leaves, which will be replaced by amino acids according to Tab. 3.
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Figure 21: Fig. S13 The genetic code multiplicity tree. This tree is based on the genetic code multiplicity.
The probabilities for substitutions by this tree is in Tab. 3
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Figure 22: Fig. S14 An example of generating protein sequences and DNA sequences by the model.
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SUPPLEMENTARY TABLES 1-6
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Table 1: Linear incorrelation between variation trends of amino acid frequencies and gain-loss of amino acids in modern time
G A D V P S E L T R Q I N H K C F Y M W
Evol. trend (×10−6) -354 -765 -62.9 -245 -292 128 77.0 -61.0 -42.9 -475 9.95 590 490 -57.0 734 -14.7 214 187 -1.27 -59.5
Gain-loss (×10−4) -63 -239 -39 98 -139 167 -137 -17 91 38 20 89 73 73 -65 67 42 -5 88 2
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Table 2: The amino acid frequencies as initial values in the simulations of variation of amino acid frequencies
fG fA fD fV fP fS fE fL fT fR fQ fI fN fH fK fC fF fY fM fW
iAAFPEP (×10−4) 692 831 524 674 489 703 647 991 537 559 394 577 400 226 555 141 404 299 238 119
iAAFNCBI (×10−4) 721 906 536 698 427 607 624 1025 527 537 366 672 413 204 560 97 414 312 238 116
iAAFmedium (×10−4) 639 804 516 619 410 622 597 1051 464 520 365 811 421 195 721 84 464 348 237 114
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Table 3: The genetic code multiplicity and substitution probability of amino acids
pi → pi1 pi1 → R [pR/p1]
[p1 = pD + pR pi1 → E [pE/p1]
+pE + p6, pi1 → D [pD/p1]
p6 = pP + pH] pi1 → pi6 [p6/p1] pi6 → H [pH/p6]
pi6 → P [pP/p6]
pi → pi2 pi2 → Y [pY/p2]
[p2 = pF + pY ] pi2 → F [pF/p2]
pi3 → pi10 [pI/p3] pi10 → pi11 [1 − κ] pi11 → pi3 [1]
pi → pi3 pi10 → I [κ]
[p3 = pI + pA pi3 → A [pA/p3]
+pG + p7, pi3 → G [pG/p3]
p7 = pN + pQ pi3 → pi7 [p7/p3] pi7 → pi8 [p8/p7, pi8 → N [pN/p8]
+pM + pW ] p8 = pN + pQ] pi8 → Q [pQ/p8]
pi7 → pi9 [p9/p3, pi9 → W [pW/p9]
p9 = pM + pW] pi9 → M [pM/p9]
pi → pi4 pi4 → T [pT /p4]
[p4 = pV + pT pi4 → K [pK/p4]
+pK] pi4 → V [pV/p4]
pi → pi5 pi5 → L [pL/p5]
[p5 = pS + pL] pi5 → S [pS /p5]
pi → C [pC]
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Table 4: The codon chronology based on the amino acid chronology and complementarity.
G A D V P S E L T R Q I N H K C F Y M W (stop) (S) (L) (R)
1 GGC GCC
2 GAC GUC
3 GGG CCC
4 GGA UCC
5 GAG CUC
6 GGU ACC
7 GCG CGC
8 CCG CGG
9 UCG CGA
10 ACG CGU
11 CUG CAG
12 GAU AUC
13 GUU AAC
14 AUU AAU
15 GUG CAC
16 CUU AAG
17 GCA UGC
18 ACA UGU
19 GAA UUC
20 AAA UUU
21 GUA UAC
22 AUA UAU
23 CAU AUG
24 CCA UGG
25 CUA UAG
26 UCA UGA
27 GCU AGC
28 ACU AGU
29 CAA UUG
30 UAA UUA
31 CCU AGG
32 UCU AGA
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Table 5: The modified codon chronology.
G A D V P S∗ E L T R∗ Q I N H K C F Y M W
1 GGC GCC GAC GUC CCC AGC GAG CUC ACC AGG CAG AUC AAC CAC AAG UGC UUC UAC AUG UGG
2 GGG GCG GAC GUC CCC AGC GAG CUC ACC AGG CAG AUC AAC CAC AAG UGC UUC UAC AUG UGG
3 GGG GCG GAU GUU CCC AGC GAG CUC ACC AGG CAG AUC AAC CAC AAG UGC UUC UAC AUG UGG
4 GGA GCG GAU GUU CCG AGU GAG CUC ACC AGG CAG AUC AAC CAC AAG UGC UUC UAC AUG UGG
5 GGU GCG GAU GUU CCG AGU GAG CUC ACC AGG CAG AUC AAC CAC AAG UGC UUC UAC AUG UGG
6 GGU GCG GAU GUU CCG AGU GAA CUG ACC AGG CAG AUC AAC CAC AAG UGC UUC UAC AUG UGG
7 GGU GCG GAU GUU CCG AGU GAA CUG ACG AGG CAG AUC AAC CAC AAG UGC UUC UAC AUG UGG
8 GGU GCA GAU GUU CCG AGU GAA CUG ACG AGA CAG AUC AAC CAC AAG UGC UUC UAC AUG UGG
9 GGU GCA GAU GUU CCA AGU GAA CUG ACG CGC CAG AUC AAC CAC AAG UGC UUC UAC AUG UGG
10 GGU GCA GAU GUU CCA UCC GAA CUG ACG CGG CAG AUC AAC CAC AAG UGC UUC UAC AUG UGG
11 GGU GCA GAU GUU CCA UCC GAA CUG ACA CGA CAG AUC AAC CAC AAG UGC UUC UAC AUG UGG
12 GGU GCA GAU GUU CCA UCC GAA CUU ACA CGA CAA AUC AAC CAC AAG UGC UUC UAC AUG UGG
13 GGU GCA GAU GUU CCA UCC GAA CUU ACA CGA CAA AUU AAC CAC AAG UGC UUC UAC AUG UGG
14 GGU GCA GAU GUG CCA UCC GAA CUU ACA CGA CAA AUU AAU CAC AAG UGC UUC UAC AUG UGG
15 GGU GCA GAU GUG CCA UCC GAA CUU ACA CGA CAA AUA AAU CAC AAG UGC UUC UAC AUG UGG
16 GGU GCA GAU GUA CCA UCC GAA CUU ACA CGA CAA AUA AAU CAU AAG UGC UUC UAC AUG UGG
17 GGU GCA GAU GUA CCA UCC GAA CUA ACA CGA CAA AUA AAU CAU AAA UGC UUC UAC AUG UGG
18 GGU GCU GAU GUA CCA UCC GAA CUA ACA CGA CAA AUA AAU CAU AAA UGU UUC UAC AUG UGG
19 GGU GCU GAU GUA CCA UCC GAA CUA ACU CGA CAA AUA AAU CAU AAA UGU UUC UAC AUG UGG
20 GGU GCU GAU GUA CCA UCC GAA CUA ACU CGA CAA AUA AAU CAU AAA UGU UUU UAC AUG UGG
21 GGU GCU GAU GUA CCA UCC GAA CUA ACU CGA CAA AUA AAU CAU AAA UGU UUU UAC AUG UGG
22 GGU GCU GAU GUA CCA UCC GAA CUA ACU CGA CAA AUA AAU CAU AAA UGU UUU UAU AUG UGG
23 GGU GCU GAU GUA CCA UCC GAA CUA ACU CGA CAA AUA AAU CAU AAA UGU UUU UAU AUG UGG
24 GGU GCU GAU GUA CCA UCC GAA CUA ACU CGA CAA AUA AAU CAU AAA UGU UUU UAU AUG UGG
25 GGU GCU GAU GUA CCU UCC GAA CUA ACU CGA CAA AUA AAU CAU AAA UGU UUU UAU AUG UGG
26 GGU GCU GAU GUA CCU UCC GAA UUG ACU CGA CAA AUA AAU CAU AAA UGU UUU UAU AUG UGG
27 GGU GCU GAU GUA CCU UCG GAA UUG ACU CGA CAA AUA AAU CAU AAA UGU UUU UAU AUG UGG
28 GGU GCU GAU GUA CCU UCA GAA UUG ACU CGA CAA AUA AAU CAU AAA UGU UUU UAU AUG UGG
29 GGU GCU GAU GUA CCU UCU GAA UUG ACU CGA CAA AUA AAU CAU AAA UGU UUU UAU AUG UGG
30 GGU GCU GAU GUA CCU UCU GAA UUA ACU CGA CAA AUA AAU CAU AAA UGU UUU UAU AUG UGG
31 GGU GCU GAU GUA CCU UCU GAA UUA ACU CGA CAA AUA AAU CAU AAA UGU UUU UAU AUG UGG
32 GGU GCU GAU GUA CCU UCU GAA UUA ACU CGU CAA AUA AAU CAU AAA UGU UUU UAU AUG UGG
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Table 6: The number of bases at codon positions based on the modified codon chronology
G C U GC CU
1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd total 1st 2nd 3rd total
1 5 5 6 4 3 14 4 5 0 9 8 20 37 8 8 14 30
2 5 5 8 4 3 12 4 5 0 9 8 20 37 8 8 12 28
3 5 5 8 4 3 10 4 5 2 9 8 18 35 8 8 12 28
4 5 5 8 4 3 9 4 5 2 9 8 17 34 8 8 11 27
5 5 5 8 4 3 8 4 5 4 9 8 16 33 8 8 12 28
6 5 5 8 4 3 7 4 5 4 9 8 15 32 8 8 11 27
7 5 5 9 4 3 7 4 5 4 9 8 16 33 8 8 11 27
8 5 5 7 4 3 7 4 5 4 9 8 14 31 8 8 11 27
9 5 5 6 5 3 8 4 5 4 10 8 14 32 8 8 12 28
10 5 4 7 5 4 7 5 5 3 10 8 14 32 10 9 10 29
11 5 4 5 5 4 7 5 5 3 10 8 12 30 10 9 10 29
12 5 4 3 5 4 7 5 5 4 10 8 10 28 10 9 11 30
13 5 4 3 5 4 6 5 5 5 10 8 9 27 10 9 11 30
14 5 4 4 5 4 5 5 5 5 10 8 9 27 10 9 10 29
15 5 4 4 5 4 5 5 5 4 10 8 9 27 10 9 9 28
16 5 4 3 5 4 4 5 5 5 10 8 7 25 10 9 9 28
17 5 4 2 5 4 4 5 5 4 10 8 6 24 10 9 8 27
18 5 4 2 5 4 3 5 5 6 10 8 5 23 10 9 9 28
19 5 4 2 5 4 3 5 5 7 10 8 5 23 10 9 10 29
20 5 4 2 5 4 2 5 5 8 10 8 4 22 10 9 10 29
21 5 4 2 5 4 2 5 5 8 10 8 4 22 10 9 10 29
22 5 4 2 5 4 1 5 5 9 10 8 3 21 10 9 10 29
23 5 4 2 5 4 1 5 5 9 10 8 3 21 10 9 10 29
24 5 4 2 5 4 1 5 5 9 10 8 3 21 10 9 10 29
25 5 4 2 5 4 1 5 5 10 10 8 3 21 10 9 11 30
26 5 4 3 5 4 1 6 5 10 10 8 4 22 11 9 11 31
27 5 4 4 5 4 0 6 5 10 10 8 4 22 11 9 10 30
28 5 4 3 5 4 0 6 5 10 10 8 3 21 11 9 10 30
29 5 4 3 4 4 0 6 5 11 9 8 3 20 10 9 11 30
30 5 4 2 4 4 0 6 5 11 9 8 2 19 10 9 11 30
31 5 4 2 4 4 0 6 5 11 9 8 2 19 10 9 11 30
32 5 4 2 4 4 0 6 5 12 9 8 2 19 10 9 12 31
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